13C/12C reduced isotopic p artition function ratios for the three singly 13C substitu ted cyanoacetylenes are calculated and are used to evaluate th e therm odynam ic equilibrium constants among these species. A perturbation theory m ethod is employed to dissect b o th the partition function ratios and also the equilibrium constants in order to gain a b etter understanding of isotope effects.
Introduction
Churchwell et al. [1] have recently observed the relative abundances of the three singly 13C sub stituted cyanoacetylenes I = H -1 3 C = 1 2 C -1 2 C = 14j^ ,
II = H -1 2 C = 13C-12C = 14N, (1) III = H -1 2 C = 1 2 C -13C = 14N
in a molecular cloud near the center of our galaxy. This finding stimulated us to study theoretically the distribution of 13C among the three isotopic isomers I, II, III in thermodynamic equilibrium and to compare the results of this study with the observations of Churchwell et al. As will be shown in an other publication [2] , this comparison leads to the conclusion that the 13C distribution observed by Churchwell et al. does not correspond to thermo dynamic equilibrium (at any temperature).
In order to study the thermodynamic equilibrium among I, II, and III, we calculated the (reduced) isotopic partition function ratios (with respect to the all 12C molecule) of the three isotopic isomers I, II, and III. The thermodynamic equilibrium con stants for the equilibrium among these three iso mers are then calculated as ratios of isotopic partition function ratios. In the evaluation of the isotopic partition function ratios, it is adequate to consider only the ground electronic state at room temperature and below. The Born-Oppenheimer ap proximation was used so that only the rotationalvibrational and translational energy levels con tribute to the partition function ratios [3] . The isotopic partition function ratios were furthermore * M ax-Planck-Institut für Chemie, Saarstr. 23, D-6500
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calculated in the so-called harmonic approximation -vibrations are assumed to be harmonic, rota tional-vibrational interaction is ignored, the rota tional degrees of freedom are assumed to corre spond to those of a rigid rotor, and the rotational partition function is calculated classically without consideration of quantization [4] . These approxi mations introduce only negligible errors into the calculations [5] . Such calculations require as input atomic masses, the equilibrium internuclear geom etry (isotope independent within the Born-Oppen heimer approximation) of this linear molecule and the harmonic force field (i.e. the force constants, which are isotope independent within the BornOppenheimer approximation). The force field used in such calculations is usually derived from observed spectroscopic data. The calculations were carried through with three different force fields, derived in somewhat different w a y s: A -derived by Mallinson [2, 6] on the basis of an analysis of spectroscopic data on HC3N and DC3N in which an anharmonic force field was used with terms up to quartic in the displacements from equilibrium, B -derived from observed vibrational fundamentals of HC3N and DC3N on the assumption that these could be equated to harmonic frequencies; the stretching force constants were calculated by Uyemura and Maeda [7] while the bending force constants were calculated by us, C -calculated like B by Cyvin and Klaebo [8] just from the HC3N fundamentals. While force field A is expected to be the most reliable of the three force fields, the calculations were carr'ed through with all three force fields. The three force fields are shown in Table 1 ; while the force fields are similar, there are differences between them. The coordinates in terms of which the force fields are described are defined in Table 2 . 
ii(C = N) =-1.154 A- Table 2 . Displacement coordinates employed to describe vibrational m otion of cyanoacetylene -H -C = C-C = N. A method of analyzing isotopic partition function ratios by a perturbation theory approach has recently been introduced [9] . We will analyze here the partition function ratios calculated with the three different force fields and also the equilibrium constants calculated from these quantities. A tten tion will be given to the factors which contribute to the second order perturbation theory correction and also to how differences in force fields change the perturbation analysis.
In the next section, we briefly discuss the reduced partition function ratio. A discussion of the perturbation theory follows. Subsequently, the reduced isotopic partition function ratios are dissected. Finally, the equilibrium constants are discussed.
Reduced Partition Function Ratios
Consider the equilibria
R (12C) + S(13C) = R (13C) + S(12C) (K3) . (4)
Here R (13C)(S(13C)) refers to a compound in which 13C has been substituted for 12C in R (12C)(S(12C)).
The species X and Y have not been isotopically substituted. The isotope effects for the gas phase chemical equilibriumconstant (K ) can then be expressed in terms of ratios of isotopic molecular partition function ratios,
where Q refers to molecular partition function. As pointed out before, it is adequate to consider only ground electronic states at room temperature and below when formulating these partition functions. One can then show that within the framework of the Born-Oppenheimer approximation there are no isotope effects if the molecules are subject to classical mechanics (^[cla ssica l] = 1) except for the relevant symmetry number factors which are of little interest and which will be ignored here [4, 10] . The interest is therefore in the reduced isotopic partition function ratio [4, 10] , the ratio of the quantum mechanical partition functions ot two isotopic molecules divided by the corresponding ratio of partition functions calculated classically. In the harmonic approximation one finds for the reduced isotopic partition function ratio
Here u = hv/kT, T is the absolute temperature, h and k have their usual meanings, v refers to harmonic normal mode vibrational frequency, and for the N atomic linear molecule the product is over the K = 3N -5 (3N -6 for non-linear molecule) normal mode vibrational frequencies. The sub scripts 2 and 1 refer to the two isotopic molecules with 2 usually referring to the heavier molecule (e.g. 1 = H 12C3N, 2 = I of Equation (1) (8 ) 
(9)
Here [I] refers to concentration of species I at thermodynamic equilibrium. We note that the partition function of H 12C3N drops out in the evaluations of K\ and K$; we still prefer to for mulate (s2/si) f as we do, and the (S2/-S1)/ so evaluated can also be used in other equilibrium isotope effect calculations as exemplified in the above discussion, Eqs. (2) -(7). In subsequent discussion we shall refer to («2/^1) /(I /H 12C3N) as the isotopic partition function ratio of molecule I, etc.
With a given harmonic force field, it is straight forward to evaluate [11] by computer the normal mode vibrational frequencies of a pair of isotopic molecules and (s2/5i)/. Methods of calculating (52/51)/ without evaluating normal mode vibrational frequencies, such as the perturbation theory method here [9] and the methods of Bigeleisen and Ishida [12] , are of interest bt cause they can throw light on the nature of isotope effects calculated with these quantities.
Perturbation Theory
We develop the perturbation theory as applied to cyanoacetylene. The ten internal displacement coordinates qi (4 stretches and 3 pairs of perpen dicular bends) and corresponding conjugate mo menta pi in terms of which the vibrational motion is described are defined in Table 2 . The vibrational Hamiltonian for cyanoacetylene can be partitioned into an unperturbed part Ho and a perturbed part H1, = -j y 9u Pi2 + -g 2 /« ?i2
The / i / s are the harmonic force constants of cyano acetylene (F matrix) and the gi/s are the elements of W ilson's G matrix [13] . The /*/s are isotope independent while the g^ s depend on atomic masses and on geometrical parameters. The un perturbed Hamiltonian corresponds to a system of ten uncoupled oscillators (4 stretching oscillators and 3 doubly degenerate bending oscillators), with frequencies given by Vi = (27c)-1(fugu)1/2. The evaluation of the reduced isotopic partition function ratio by a perturbation technique corre sponding to Eq. (10) has been discussed previously [9] . The unperturbed reduced isotopic partition function ratio is given by Tables 3 and 4 , which involve the perpendicular bending coordinates, follow from the equalities in Table 1 and in Appendix I, which in turn follow from sym m etry considerations. These equalities lead to the result that each c factor for a bend and each CORR factor for bends makes two contribu tions; thus, bend effects are often larger than they seem to be at first sight. It has been pointed out previously [9] that the second order perturbation development reproduces (s2/si)f better at higher temperatures than at lower temperatures. Thus, we see from Tables 4 that the 
Discussion of c Factors
We note that the c factors in Tables 3 are larger  than those in Tables 4 (Rule Tables 3 and 4 where i and j have isotopically substituted atoms in common and the corresponding In (CORR)y values are negative (Rule 6a, Appendix III), ln (CORR)ö9 in Table 3b and 4b is close to zero; 95921(.955 9 9 9 ) and its difference isotope effect are quite small compared to other bend-bend cases, the interactions for which are listed in Tables 3 and 4 We compare Table 3a and Table 5a Table 3a and 3c. However, in Table 3 which lead to differences between ln TOTOD and In (CORR-G) of 0.018 and 0.027 respectively. These contributions arise in part from the bending interaction force constants but the interaction force constant between coordinates 2 and 3 also makes a contribution, especially with force field B. In Table 6 
Discussion of In TOT
If one has a qualitative understanding of the c(i) factors and the (CORR)y factors discussed in the previous sections, then one also has an under standing of TOT, which is the product of these terms and also the perturbation theory approxi mation of the reduced isotopic partition function ratio. Tables 3 and 4 give the percentage contribu tions of each of the terms to the total reduced partition function ratio (in logarithmic form). Thus for molecule I, the largest single contributor is c(2), which contributes about 67% at 150 K (with all three force fields) and about 70% at 300 K. For molecule II, the largest single contributor is again c(2); at 150 K its percentage contribution varies between 53% and 63%, depending on which force field is employed. At 300 K, the percentage con tribution varies between 57% and 68%. For molecule III, the largest contributor is c(4) with a percentage contribution of about 54% at 150 K (depending on force field); this number increases to 58% at room temperature. We have found then that the triple bond coordinates adjacent to the isotopic position make the major contribution to the isotopic partition function ratios.
Many analyses of this type and also others could be given. We refrain from further analyses since the requisite data for doing so are included in the Tables.
Dissection of the Equilibrium Constants K 4 and K 5
As noted previously, reduced isotopic partition functions are evaluated because they can be combined to yield isotope effects on equilibrium constants or equilibrium constants of isotopic exchange reactions. (52/51) / itself is the isotope effect on the equilibrium constant for the reaction of the molecule dissociating into atoms. We shall only consider the equilibrium constants and here (see Eqs. (8) and (9)). The results are given in Table 7 a (150 K) and in Table 7 That the c(3) contribution is larger follows from previous discussion; consequently the contribution of the stretches to the equilibrium constant is negative. The large bending c factor for molecuie I corresponds to c(5) while for molecule II it corre sponds to c(7). As discussed previously, these two have approximately the same value and hence tend to cancel in the equilibrium constant. Of course, there is a c(7) contribution from molecule I and a c(5) contribution from molecule II but those also cancel in the equilibrium constant. In fact, the main contribution to the equilibrium constant from bending coordinate c factors arises from the c(9) Tables 3 to th e respective equilibrium constants. factor in II which is not cancelled by a correspond ing factor in molecule I. When one takes into account the fact that the bending coordinates are degenerate in pairs, the logarithmic contribution of the bending factors to K 4 is -0.011 while that of the stretches is -0.076. As for the interaction terms, the 1 2 interaction term in I is smaller in magnitude than the corre sponding 2 3 stretching interaction term in II. Moreover, the sign of the 2 3 interaction term in I is the negative of the 2 3 term in II so that, in order to obtain the contribution of 2 3 in Table 7 a, the two magnitudes are added. A similar statem ent applies to the 1 2 interaction. The total 2 3 con tribution to K 4 is quite large. There is also a negative contribution to K 4 which arises from the 3 4 interaction term in II. The bending interaction terms 5 7 in I and II cancel each other. The small 7 9 bending interaction in II has no analogue in I ; when one considers the degeneracy of the bending coordinates in pairs, the 7 9 = 8 10 interaction makes a contribution of almost 0.01 to the (loga rithm of the) equilibrium constant (contribution of about 1% to the equilibrium constant itself). The total interaction contribution to K 4 is opposite in sign to the c contribution and half of its magnitude. II so that Tables  3 b, 
K$ involves molecules III and

Summary
The reduced isotopic partition function ratios of the three singly 13C substituted cyanoacetylenes with respect to the 12C compound have been evaluated with three different vibrational force fields. The contributions of the individual stretching and bending coordinates (c factors) and of interactions among these coordinates (CORRy factors) have been obtained by a perturbation theory method. This dissection of the reduced isotopic partition function ratios permits a corre sponding dissection of the thermodynamic equilib rium constants among the three 13C cyanoacetylenes. Some explicit discussion of these dissections has been given in terms of the force fields employed with a knowledge of the behavior of the perturba tion theory. The perturbation theory permits one to assess the contributions of the various force constants to isotope effects. While we have em phasized that the perturbation theory calculations can be carried out with ease, we should also emphasize that the perturbation theory approach should largely be used as a qualitative tool and as a tool of analysis; the exact calculations which are being analyzed by the perturbation theory can be carried out straightforwardly with a digital com puter. Rule 7*. The isotope effect on Fij tends to be large when gy is isotope dependent and somewhat smaller when only gu or gjj are isotope dependent.
